Maternal investment for offspring's growth and survival is widespread among diverse organisms [1] [2] [3] . Vertical symbiont transmission via maternal passage is also pivotal for offspring's growth and survival in many organisms [4] [5] [6] . Hence, it is expected that vertical symbiont transmission may coevolve with various organismal traits concerning maternal investment in offspring. Here we report a novel phenotypic syndrome entailing morphological, histological, behavioral, and ecological specializations for maternal investment and vertical symbiont transmission in stinkbugs of the family Urostylididae [7] [8] [9] . Adult females develop huge ovaries exaggerated for polysaccharide excretion, possess novel ovipositor-associated organs for vertical transmission of a bacterial symbiont (''Candidatus Tachikawaea gelatinosa''), and lay eggs covered with voluminous symbiont-supplemented jelly. Newborns hatch in midwinter, feed solely on the jelly, acquire the symbiont, and grow during winter. In spring, the insects start feeding on plant sap, wherein the symbiont localizes to a specialized midgut region and supplies essential amino acids deficient in the host's diet. The reduced symbiont genome and host-symbiont cospeciation indicate their obligate association over evolutionary time. Experimental deprivation of the jelly results in nymphal mortality, whereas restoration of the jelly leads to recovered nymphal growth, confirming that the jelly supports nymphal growth in winter. Chemical analyses demonstrate that the galactan-based jelly contains a sufficient quantity of amino acids to sustain nymphal growth to the third instar. The versatile biological roles of the symbiont-containing eggcovering jelly highlight intricate evolutionary interactions between maternal resource investment and vertical symbiont transmission, which are commonly important for offspring's growth, survival, and ecological adaptation.
Results and Discussion

Peculiar Reproductive Ecology of Urostylidid Stinkbugs
Stinkbugs of the family Urostylididae (Insecta: Hemiptera) embrace over 7 genera and 80 species in Southern and Eastern Asia [7] and five species representing 2 genera in Japan [8] (see Table S1 available online). Except for several taxonomic and systematic works [9] [10] [11] , general biological aspects of urostylidid stinkbugs have been poorly documented [7, [12] [13] [14] . We observed the life cycle of Urostylis westwoodii and Urostylis annulicornis in Tsukuba, Ibaraki, Japan from 2008 to 2013. Adult insects ( Figure 1A) were found on trees of Quercus acutissima and Quercus serrata from early summer to winter. In late autumn around November, reproductively mature females with conspicuously enlarged abdomen appeared and laid egg masses on the bark of the host tree trunk ( Figure 1B ). The egg masses were quite strange in appearance: oval eggs arranged in two rows are entirely embedded in a copious amount of jelly-like substance (Figures 1B and C), with three thin club-shaped white projections protruding from each of the eggs through the jelly layer ( Figures 1C and  D) , which are presumably aeromicropyles for breathing. Strikingly, the eggs hatched toward the end of winter around late February. At that time, the climate was still so cold that neither buds nor leaves of the host plants were available, and newborn nymphs immediately fed on the jelly ( Figure 1E ). The nymphs stayed together on the egg mass, exclusively lived on the jelly, and grew to the third instar within a month or so ( Figure 1F) . Then, the third-instar nymphs dispersed from late March to early April when the host trees started shooting buds.
Egg-Covering Jelly Contains Symbiotic Bacteria DNA staining revealed numerous DNA-positive particles within the egg-covering jelly (Figures 2A and B) . PCR, cloning, sequencing, and phylogenetic analysis of bacterial genes identified two bacterial symbionts. A distinct gammaproteobacterial lineage, whose 16S rRNA gene exhibited the highest BLAST hit to the midgut symbiont Rosenkranzia of the acanthosomatid stinkbug Elasmucha putoni (90.5% [1,360/1,502] identity; accession number AB368828), was clustered with the obligate midgut symbionts Rosenkranzia and Ishikawaella of acanthosomatid and plataspid stinkbugs, as well as the obligate endosymbiont Buchnera of aphids (Figures S1A-S1C; hereafter called midgut symbiont). Another gammaproteobacterial lineage, whose 16S rRNA gene exhibited the highest BLAST hit to the Sodalis symbiont of the scutellerid stinkbug Cantao ocellatus (99.4% [1,456/1,464] identity; accession number AB541010), was closely related to Sodalis glossinidius of tsetse flies and Sodalis-allied symbionts of other insects ( Figure S1A ; hereafter called Sodalis symbiont). In situ hybridization identified the DNA-positive particles within the jelly as bacterial aggregates consisting of the midgut symbiont cells and the Sodalis symbiont cells ( Figure 2C ). Diagnostic PCR of five urostylidid species (in total 138 individuals) detected perfect infections (consistently 100%) with the midgut symbiont in contrast to imperfect infections (ranging from 60% to 100%) with the Sodalis symbiont ( Table S2 ). The midgut symbiont exhibited host-symbiont cospeciation ( Figures S2A and S2B ) and drastic genome reduction (down to 0.7 Mb in size) ( Figure S2C ). These results strongly suggest that the midgut symbiont has been an obligate partner for the urostylidid stinkbugs over evolutionary time, whereas the Sodalis symbiont is probably a facultative associate for them. It should be noted, however, that the Sodalis symbiont exhibits remarkably high infection frequencies in urostylidid stinkbugs, particularly in Urostylis species consistently at 100% (Table S2) , which suggests the possibility that the Sodalis symbiont may play, though not necessarily essential, some biological roles for the host insects, as known for other facultative insect symbionts [15] .
Specialized Anatomical Traits for Jelly Production and Symbiont Transmission
The swollen abdomen of the mature females was filled with an extremely developed ovary with a pair of seven ovarioles on each side. In the basal half of each ovariole, voluminous translucent liquid embedding mature oocytes was seen ( Figure 1G ), indicating the location of jelly production and storage. Meanwhile, diagnostic PCR of dissected ovaries detected no midgut symbiont (Table S3 ), suggesting that its supplementation to the jelly occurs not transovarially but upon or after oviposition. As in other stinkbugs, the midgut of the urostylidid stinkbugs was differentiated into morphologically distinct regions (Figure 1G) , of which the midgut fourth section constituted a symbiotic organ, equipped with a number of crypts and harboring the symbiotic bacteria therein (Figures S3A, S3B, S3E, and S3F). Oddly, the anterior and posterior ends of the midgut fourth section were constricted, forming a sausage-shaped isolated symbiotic organ ( Figures 1H and 1I ). Therefore, symbiont supplementation via midgut-derived excretion, as observed in many stinkbugs [4, [16] [17] [18] , is not possible for the urostylidid stinkbugs. Notably, we discovered a pair of peculiar female-specific organs, oval in shape and yellow in color, associated with the genital chamber ( Figures 1G and 1J ). The yellow organ, consisting of glomerate white tubes and receiving rich supply of yellow tracheae, was densely populated by the symbiotic bacteria within the tubes ( Figures S3C, S3D , S3G, and S3H). Probably, the symbiotic bacteria are supplemented from this organ to the egg-containing jelly from the ovary during oviposition. Similar, though anatomically distinct, female-specific genital organs for vertical symbiont transmission were reported from acanthosomatid stinkbugs [19] . In both the midgut symbiotic organ and the yellow organ, the midgut symbiont was overwhelmingly more abundant than the Sodalis symbiont ( Figures S3B, S3D , S3E, and S3G). These peculiar anatomical traits of adult females were commonly found in all the urostylidid species we examined.
Production of Egg-Jelly Complex and Jelly-Mediated Vertical Symbiont Transmission
We collected reproductively mature adult females of U. westwoodii with swollen abdomen, placed them in Petri dishes individually, and observed their behavior under a video camera. The females laid eggs in two rows on the substrata ( Figure 1K ), with each egg embedded in a packet of large jelly mass ( Figures 1L and 1M ). Diagnostic PCR revealed that isolated eggs did not contain the midgut symbiont whereas all first-instar nymphs gathering on natural egg masses were infected (Table S3) , suggesting vertical transmission of the midgut symbiont via jelly feeding. Meanwhile, considering that some of the dissected ovaries and the isolated eggs were Sodalis-positive (Tables S3), transovarial passage may also contribute to vertical transmission of the Sodalis symbiont. Whole-mount in situ hybridization revealed that the ingested symbiotic bacteria were immediately localized to a posterior intestinal region in the first instar ( Figure 2D ), and established specific infection in a morphologically-differentiated midgut region by the second instar ( Figure 2E ). It is conceivable, although speculative, that the anterior and posterior ends of the midgut region are constricted off in the developmental course toward the adult stage, thereby forming the sausage-shaped isolated symbiotic organ (see Figures 1G-1I ).
Midgut Symbiont Genome Streamlined for Provisioning of Essential Amino Acids
We determined a 708,439 bp circular genome of the midgut symbiont of U. westwoodii ( Figure 3A) . General features of the reduced genome were similar to those of the obligate endosymbionts of other insects like Buchnera of aphids, Blochmannia of ants and Wigglesworthia of tsetse flies [20] [21] [22] , and also to that of the obligate gut symbiont Ishikawaella of plataspid stinkbugs [23] . While the midgut symbiont genome retained many genes responsible for basic cellular processes such as translation, replication, energy production, etc., diverse metabolic pathways and structural elements such as TCA cycle, flagella, most of transporters, almost all of transcription factors, etc., have been lost from the genome (Figure S2D ). By contrast, many genes involved in metabolism of amino acids were retained: the midgut symbiont is capable of synthesizing almost all essential amino acids ( Figure 3B ), some nonessential amino acids ( Figure 3C ), and also several vitamins ( Figure 3D ). On the grounds that urostylidid stinkbugs feed exclusively on host plant sap [8] and the plant sap is generally devoid of essential amino acids and some vitamins [6] , the midgut symbiont probably compensates for the nutritional deficiency of the diet, as Buchnera does for the host aphid [5, 6] .
Essential Role of Nutritious Jelly for Nymphal Growth and Survival
In the urostylidid stinkbugs, however, newborn nymphs appear in winter and thus have no chance to suck plant sap. Under the low temperature in winter, the midgut symbiont may be unable to synthesize essential amino acids efficiently. Here it seems likely that the egg-covering jelly plays a substantial biological role. We experimentally investigated the effects of jelly feeding on nymphal growth of U. westwoodii by preparing control egg masses without treatment ( Figure 4A ), jelly-removed egg masses from which the jelly was carefully removed using sterilized toothpicks ( Figure 4B ), and jelly-restored egg masses onto which the removed jelly was placed back ( Figure 4C ). When these egg masses were monitored in the laboratory, egg hatching rates were consistently around 90% irrespective of the groups ( Figure 4D ), indicating no substantial damage by the experimental treatments to the eggs. However, molting rate to the second instar in the jelly-removed egg masses, around 20%, was significantly lower than that in the control egg masses over 90% ( Figure 4E) , and, strikingly, no nymphs molted to the third instar in the jelly-removed egg masses, which was in sharp contrast to over 60% molting to the third instar in the control egg masses ( Figure 4F ). The second-instar nymphs from the jelly-removed egg masses were evidently smaller than those from the control egg masses (Figure 4G ), reflecting little nymphal growth without jelly feeding. These nymphal defects were significantly recovered in the jellyrestored egg masses ( Figures 4E and 4F ). In the jelly-restored egg masses, meanwhile, the experimentally manipulated jelly often grew mold, and such mold-contaminated egg masses exhibited low survival rates of the nymphs, which resulted in the lower molting rates in the jelly-restored egg masses than those in the control egg masses (Figures 4E and 4F) . Although speculative, these observations suggest the possibility that the outer jelly layer may have some antimicrobial activities. The jelly collected from natural egg masses of U. westwoodii consisted of 60% water, 26% sugars, and 8% proteins (Table  S4 ), indicating that the jelly is nutritionally carbon excess, while a substantial amount of nitrogen is present. Sugar-composition analyses of the jelly revealed that, strikingly, galactose accounted for over 90% of total sugars, with small amounts of mannose, glucose, glucuronic acid, and glucosamine (Table  S4 ; Figure 4H ). These results strongly suggest that the eggcovering jelly mainly consists of galactose-based polysaccharides, so-called galactans [24] . Production of galactan gels, such as agar, carrageenan, and pectin, in substantial quantities is commonly found in algae and plants, but seems exceptional in animals [24] . Comparison of amino-acid compositions between the jelly, eggs, and third-instar nymphs of U. westwoodii revealed that (1) both essential and nonessential amino acids are present in the jelly in a balanced manner, (2) amino-acid composition of the jelly is similar to those of the eggs (Pearson's correlation coefficient r = 0.919) and the third-instar nymphs (r = 0.903), (3) the quantity of amino acids contained in the jelly per capita plus an egg is almost equal to or more than the quantity of amino acids constituting a third-instar nymph, and therefore (4) the jelly contains a sufficient amount of nutrients for nymphal growth to the third instar ( Figures 4I and 4J) . Here, these amino acids may exist as either free amino acids or proteins in the jelly or as proteins constituting the symbiont cells embedded in the jelly. Note that the strong symbiont signals within the posterior midgut in the first instar diminished toward the second instar ( Figures 2D and 2E) , indicating that the majority of the symbiont cells ingested with the jelly are not maintained but consumed by the nymphs. It is also of interest whether the midgut of urostylidid nymphs exhibits galactan-degrading activities.
Versatile Biological Functions of Egg-Covering Jelly in Urostylidid Stinkbugs
On the basis of these results, we propose the following biological roles of the egg-covering jelly for the urostylidid stinkbugs: (1) protecting eggs against environmental stresses such as desiccation and microbial contamination, (2) providing the sole food source for newborn nymphs, (3) supporting nymphal growth and survival to the third instar, (4) thereby enabling nymphal growth and survival in the winter season, and also (5) ensuring survival of the symbiotic bacteria outside the host body as long as for several months, and (6) thereby ensuring vertical transmission of the symbiotic bacteria via host's jelly feeding. Egg hatching and nymphal growth in winter are exceptional among stinkbugs and other insects [25, 26] . The peculiar phenology of the urostylidid stinkbugs, which must be relevant to the evolution of the egg-covering gelatinous biopolymer, seems to confer such fitness advantages as escape from natural enemies that are inactive in winter, and prompt utilization of host plant shoots of high nutritional quality in early spring by already-grown nymphal insects.
Conclusions and Perspectives
Moms take care of their babies. So do females of many vertebrates and invertebrates. Maternal investment in offspring is widespread among diverse animals [1] [2] [3] . Not only in insects and other invertebrates but also in vertebrates including humans, microbial symbionts residing in the gut or elsewhere, whose vertical transmission usually occurs via maternal passage, substantially contribute to survival and fitness of their hosts [27, 28] . Our findings in the urostylidid stinkbugs provide general and novel insights into potential relevance of symbiosis to evolutionary, ecological, physiological, morphological, and genomic traits of adaptive importance in diverse animals.
Proposal of Candidate Name
Based on the distinct and coherent microbiological, phylogenetic, and evolutionary traits described in this study, we propose the designation ''Candidatus Tachikawaea gelatinosa'' for the midgut symbiont clade associated with the stinkbugs of the family Urostylididae. The type strain is from Urostylis westwoodii collected at Tsukuba, Japan (accession numbers: complete genome AP014521; 16S rRNA AB758419; groEL AB758363; gyrB AB758380), and other strains are detected from Urostylis annulicornis, Urostylis striicornis, Urochela quadrinotata, and Urochela luteovacia (see Table S1 ). The generic name honors a Japanese entomologist Shuji Tachikawa, who has significantly contributed to systematics and ecology of stinkbugs in Japan including urostylidids [8] . The specific name refers to the egg-covering jelly typical of the urostylidid stinkbugs that contains the symbiont for vertical transmission to the offspring.
Accession Numbers
The DNA Data Bank of Japan accession numbers of nucleotide sequences reported in this study are as follows: DRA001205, AP014521, AB823739, AB758358-AB758431, AB821277-AB821290, and AB858363-AB858383. 
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